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ABSTRACT 
Microbial surrogates are defined as non-pathogenic organisms with behavioral and/or 
survival characteristics correlating to those of specific pathogens. The purpose of this 
study was to determine the thermal inactivation kinetics (D and z-values) of 
Lactobacillus bulgaricus ATCC 11842, Lactobacillus fructivorans ATCC 8288, Lactobacillus 
plantarum ATCC 4008, Listeria innocua ATCC 33091, ATCC 51742, and 11/97, and 
Staphylococcus carnosus CS-299 as potential surrogates for hepatitis A virus (HAV; D72°C 
= 0.9 min). Additionally, the effect of sub-lethal heat on increasing the thermotolerance 
of L. bulgaricus was investigated. All strains were tested in phosphate buffered saline 
(PBS) as a preliminary step and, contingent upon the survival characteristics, further 
tested in ultra-high temperature (UHT) 2% fat milk and chopped spinach. Thermal 
inactivation experiments in PBS, UHT milk, and chopped spinach were performed at a 
temperature range of 58-70°C for 0-60 min. For sub-lethal heating, L. bulgaricus was 
subjected to 45 or 50°C for 30 min prior to inoculation of milk and subsequent heating 
at 70°C. L. fructivorans, L. plantarum, and all L. innocua strains had insufficient thermal 
resistance to be used for HAV surrogates. In contrast, D-values for L. bulgaricus in UHT 
milk were 9.98, 2.68, and 0.45 min, at 65, 67, and 70˚C, respectively, with a z-value of 
3.7°C. When subjected to sub-lethal heating, the D70˚C values for the 45 or 50˚C 
treatment were 0.34 or 0.48 min, respectively. Thus sub-lethal heating did not increase 
thermal resistance. D-values for L. bulgaricus in spinach were 43.29, 10.13, 3.20, 0.91 
min for 63, 65, 67, 70°C. S. carnosus had D-values in PBS of 3.46, 1.27, and 0.47 min at 
vii  
65, 67, and 70°C, respectively, and a z-value of 5.84°C. In milk S. carnosus D-values were 
4.60, 1.94, and 0.46 min at 65, 67, and 70°C, respectively and in spinach D-values of 
4.61, 2.42, 0.73 min were found at 65, 67, and 70°C, respectively. While D-values of L. 
bulgaricus and S. carnosus were lower than that of HAV, they may have potential value 
at high cell concentrations in validation studies for inactivation of HAV.
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CHAPTER I  
INTRODUCTION AND GENERAL INFORMATION 
Thermal Processing  
 Thermal processing is one of the oldest preservation methods used to ensure the 
microbial safety of food and is often a critical control point in the HACCP (hazard 
analysis critical control point) system for food processors. Critical control points are 
procedures in a food process where a measure of control is applied as a means to 
prevent, eliminate, or reduce to the acceptable level a specific hazard (18).Thermal 
processing is the use of heat to reduce the microbial hazards present within food as a 
measure to protect public health, inactivate spoilage microorganisms to increase shelf 
life, and to stop unfavorable enzymatic activity that causes spoilage (29).  
The penalties of a product failing to undergo the proper preservation method can be 
detrimental to an operation company resulting in billions of dollars lost, degradation of 
its reputation and brand, and, most importantly, the potential for illnesses and even 
deaths. The Centers for Disease Control and Prevention (CDC) reports that about 48 
million Americans contract a foodborne illness annually, 128,000 are hospitalized, and 
3,000 die. There are 31 known pathogens that cause 20% of these foodborne illnesses 
and 44% of deaths. Foodborne enteric viruses alone cause over half of these cases 
resulting in 58% of reports (10). The top five contributors of acquired food-borne 
illnesses are Norovirus, nontyphoidal Salmonella, Clostridium perfringens, 
Campylobacter spp., and Staphylococcus aureus. Salmonella, Toxoplasma gondii, Listeria 
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monocytogenes, Norovirus, and Campylobacter spp. are the top five pathogens causing 
to foodborne illness resulting in death (10). Contaminated food sources associated with 
foodborne illnesses include 46% produce, 22% meat and poultry, 20% dairy and eggs, 
and 6.1% fish and shellfish (11).  
Several methods for heat treating food products have been designed, including high 
temperature commercial sterilization, pasteurization, blanching, and even cooking. 
Commercial sterilization and pasteurization are the most efficient processes for 
ensuring food safety of packaged products from a microbial aspect (29). Blanching and 
sous-vide (vacuum heating at low temperatures for extended times) are methods 
primarily used to inactivate enzymes and are capable of inactivating microorganisms at 
some times and temperatures (32). All of these thermal processing systems include 
combinations of specified moist heating temperatures and times and cooling regimens 
that promote microbial death (41). 
The concept of thermal processing of food in containers to achieve a good quality 
product with an extended shelf-life was first accomplished in the early 1800’s by 
Nicholas Appert. By creating the in-container sterilization system, Appert was 
responsible for inventing the method we call canning. This process is now known as 
commercial sterilization or appertization (2). Louis Pasteur In 1864, unveiled the 
microbial science behind the results of thermal processing and packaging to prevent 
spoilage through development of a heating system to pasteurize wine (1). Later, Bigelow 
and Ball developed the general method for mathematically analyzing the effects of heat 
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on the destruction of microorganisms over time (thermal inactivation kinetics), while 
Stumbo is known for his contributions of expanding these parameters (Featherstone, 
2012).   
Assessing the resistance of pathogens to heat is an essential component in determining 
the parameters of a thermal process. Processes are designed based on the thermal 
inactivation kinetics of the pathogen of most resistance using inactivation testing. To 
identify the level of inactivation needed, mathematical modeling of the thermal 
inactivation kinetics of a microorganism in the specific food product is required. Thermal 
inactivation parameters of particular microorganisms in food products may vary 
depending on the food matrix and required level of reduction. Death of microorganisms 
usually follows the mathematical model of a first-order reaction where the logarithmic 
value of microorganisms surviving a temperature is plotted against time (1). The rate of 
death is a function of the slope of the death curve which is plotted as the number of 
survivors at each temperature. This relationship results in a linear decrease and creates 
what is referred to as a “survivor curve”(41). The D-value or, decimal reduction time, is 
the time that it takes to achieve a 90% or 1 log decrease for a microorganism at a given 
temperature. As the temperature increases a D-value should decrease. The equation 
used to calculate D-value is as follows: 
 D = (t2-t1) / (log N1 - log N2) 
where N1and N2 represent the surviving bacteria at times t1 and t2 respectively. The 
reaction rate constant (k) for first order reactions is calculated by k = 2.303/D 
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The z-value is the temperature increase required to change the log D-value by 90%. A z-
value is used to measure the lethality of an organism at varying temperatures(1). The 
equation used to calculate z-value is as follows:  
 z =  (T2 – T1)/ (log D1- log D2)  
where D1 and D2 represent the D-values at temperatures T1 and T2 (5). 
To comply with the FDA regulations, validation studies must be conducted to confirm 
the inactivation of a microbial hazard of a calculated thermal process. However, it is not 
feasible in food-processing facility settings to validate thermal processes with 
pathogenic bacteria. Hence, a suitable nonpathogenic microorganism or surrogate is 
needed for process validation. The resistance of microorganisms used as surrogates 
must correlate with the resistance of the pathogen of concern in order to confirm the 
efficacy of the process(17).  
Thermal processing of foods to inactivate enteric viruses are not currently required in 
the U.S. Instead, means to prevent their introduction to food are enforced(15). However 
there is published information showing that the thermal resistance of potentially the 
most heat resistant enteric virus (HAV) (8, 9) is greater than vegetative bacteria used as 
targets for thermal processes. In order to validate thermal processing for viruses, non-
pathogenic vegetative bacteria or viruses to be used as potential surrogates should be 
identified. The most common bacterial surrogate used for pasteurization studies, 
Listeria innocua, is not heat resistant enough for validation studies (24). Because viral 
surrogates would generally be more difficult to culture and handle, a bacterial surrogate 
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would be preferable. Thus, the objective of this study is (i) to identify potential 
surrogate bacteria for HAV in peptone buffered saline (PBS), ultra-high temperature 
(UHT) milk, and chopped spinach, (ii) to assess the effect of sub-lethal heating as an 
avenue to increase the thermal resistance of a surrogate, and (iii) to compare thermal 
inactivation kinetics of first-order models as means to provide insight on the validation 
during thermal processing for industrial applications. 
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CHAPTER II  
REVIEW OF LITERATURE  
Factors Affecting the Heat Resistance of Microorganisms 
A number of factors affect the measured heat resistance of microorganisms 
including the microbial type, how the microorganisms are handled prior to heating, the 
heating system itself and the system used to recover viable cells (40, 41). The type of 
microorganism is not only related to what the microorganism is, e.g., mold, yeast, 
bacteria, virus, but its genus, species and even strain. For example, bacteria can be only 
in the form of vegetative cells or produce endospores. Vegetative cells metabolize and 
grow in number when the proper nutrients and favorable environments are present (1). 
Vegetative bacteria have relatively low resistance to thermal inactivation being 
susceptible to temperatures below 70°C (13). Some gram positive bacteria have the 
ability to form endospores as a means of survival when unfavorable conditions are 
presented. All endospores form inside the vegetative cell and are referred to as 
sporeforming bacteria. Endospores are dormant and form a thick wall which protects 
them from extreme environments. As a result, they are much more resistant to heat 
than vegetative cells requiring temperatures above 90°C for inactivation. The two 
primary endospore forming bacterial genera are Bacillus and Clostridium (1). Some 
viruses are more heat resistant than vegetative bacteria and require temperatures of 
70°C and above. Listeria monocytogenes, Clostridium botulinum, and hepatitis A virus 
(HAV) are considered the most heat resistant vegetative, sporulating, and viral 
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pathogens, respectively. The inherent resistance level of bacteria will vary as different 
strains of the same species can show different levels of resistance (41). 
Prior to exposing cells to heat, how they are handled can influence their 
apparent heat resistance. For example, incubation temperature can influence heat 
resistance. Higher incubation temperatures may produce more resistant bacteria by 
increasing the rigidity of the cell membrane (40). Cells grown to the stationary phase of 
growth are generally naturally more heat resistant than exponentially growing cells (1). 
However, when exponentially growing cells are subjected to stressful environmental 
conditions such as sub-lethal heat, heat shock (subjecting to temperatures above 
optimum growth temperature), or starvation their stress response mechanisms are 
initiated and they develop an increased adaptation (40). Heat shock can increase the 
resistance of a cell by increasing the proteins responsible for stress adaption (12). 
During heating, the pH of the food environment has shown to have an effect on 
the resistance level since high acid environments can enhance inactivation (40, 41). 
Food with a pH of 4.5 or higher are considered low-acid while foods with a pH of lower 
than 4.5 are considered high-acid. The consideration of pH with inactivation has shown 
to be essential as spores of Clostridium botulinum vegetative cells are able to grow and 
produce toxin at pHs above 4.6 and therefore their spores must be inactivated by heat 
in foods with this pH range (5, 41). Exposure during heating may be affected by the type 
of food. Heating in the presence of (up to 4%) of salt, and sugar, fat, and reduced water 
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activity can promote a protective response and increase thermal resistance of 
microorganisms (1, 40, 43).  
Following heating, the recovery media utilized can play a role in the apparent 
resistance of microorganisms. Microbiological media can be selective or non-selective. 
The media selected for recovery should possess the ability to support the growth of cells 
that may be injured as well as healthy or uninjured cells. Non-selective media are always 
preferred for recovery of stressed cells because they allow for repair and recovery of 
injured cells. Some selective media contain substances that are far more inhibitory to 
heat-injured cells than to healthy cells (41). When the true number of surviving bacteria 
is not represented through the recovery media, the measured heat resistance will be 
misleading. As an example, when organic acids are present in the recovery media, the 
apparent resistance level can be decreased (40). In some cases, adding starch, serum 
albumin, or charcoal to the subculture medium promoted better recovery of spores 
after heat treatments (41). 
Thermal Processing of Foods 
Considering public health when manufacturing food products is necessary due to the 
fact that plant and animal materials are hosts to many microbial pathogens which cause 
foodborne illnesses (1). There are also many non-pathogenic bacteria that cause 
spoilage. These bacteria gain access to food through the environment during harvest, 
storage, or distribution (26). Most food, in its raw state has large amounts of natural 
microflora present (1). In order to protect public health, the use of thermal energy can 
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be applied through processing procedures as a means to inactivate or prevent the 
growth of pathogens. Processes such as commercial sterilization, pasteurization, and 
blanching, focus on the delivery of heat to preserve products (38). Most thermal 
processes have a target pathogen of concern or a target enzyme (affecting shelf-life or 
used as an indicator) to reduce or eliminate. Specificity of a preservation process should 
be determined by the parameters required to rid the target pathogens or enzymes and 
are dependent on the specific environment or food matrix (13, 29). Target 
microorganisms are the pathogens of public health concern associated with a food and 
the ones identified to be most resistant to a thermal process. A thermal process should 
result in the practical elimination or reduction of these pathogens to the required levels 
(19). 
High Temperature Thermal Processing   
Commercial Sterilization 
Commercial sterilization or appertization, refers to a heating process used to produce 
foods that are “shelf stable”, i.e., able to be stored at ambient temperatures without 
spoilage by microorganisms. For low acid foods (pH > 4.6), commercial sterilization is 
designed to ensure the destruction of all pathogenic sporeforming bacteria (i.e., 
Clostridium botulinum) present in a food and any spoilage bacteria that could grow 
under normal storage conditions (1). The term “commercially” is an indication that the 
process ensures that the product is free from all microorganisms that could grow under 
normal storage conditions but not that the product is completely sterile since 
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thermophilic sporeformers (e.g., Bacillus stearothermophilus) can survive but do not 
grow (29). The regulatory requirement for processing of low-acid canned foods is 121°C 
for 3 min to inactivate the target pathogen Clostridium botulinum spores by 12-logs (1, 
3, 29). For high acid foods (pH < 4.6), products may be heated only to 100°C because C. 
botulinum cannot grow at this pH. The goal for these products is to destroy all spoilage 
microorganisms that could grow at ambient temperatures(34). Steam, steam/air 
mixtures, and hot water are used as the heating media for commercial sterilization. 
After a commercial sterilization treatment, products are hermetically sealed to 
guarantee protection from recontamination (38). Commercially sterile products 
generally have a shelf-life of 1-2 years.  
Low Temperature Thermal Processing 
Blanching 
Blanching refers to a heat process applied to fruits and vegetables prior to freezing, 
drying, or canning. The goal of the process is generally to inactivate unwanted enzymes 
and secondly to reduce microorganisms. Blanching also can be applied to soften 
vegetable tissue, enhance the natural color, and remove off flavors and gases (32). 
Steam, water, or air can be used for heat transfer. The process commonly occurs in 
batch where products are held at a certain temperature for the specified amount of 
time needed to reach the reduction of target enzymes and microbes followed 
immediately by cooling (26). Temperature ranges vary from 75 to 105°C depending on 
the type of food product and target enzyme or microorganism (32).  
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Sous Vide 
In this method, mild heat (55-60°C) is applied to vacuum-sealed food products for 
extended periods. It is extensively used in the restaurant industry (36). Sous-vide is 
usually intended as a method of cooking to hold or chill a product that will retain its 
original nutritional and quality parameters (6). 
A process termed “heatshocking” has been suggested for some products as a way to 
preserve the quality parameters of a food (35) Rico, 2007. It can be used as a washing 
step and uses a process similar to high-temperature-short-time. Temperature ranges 
used are from 45-70°C for less than 5 min.  
Pasteurization 
Pasteurization is considered a mild thermal treatment that is usually applied to foods 
such as milk and milk products, fruit juices, beer, seafood, and most recently ready-to-
eat or heat products (29). The goal of pasteurization is to improve the quality of a 
product through reducing pathogens and spoilage microorganisms thereby extending 
shelf life. The process is designed to expose all particles of a food to the required 
temperature and time required to destroy all target vegetative pathogens, spoilage 
microorganisms and enzymes (23).  Following pasteurization, bacterial endospores and 
potentially some vegetative cells may not be destroyed, therefore a second preservation 
process must be used to extend shelf-life to 2-3 weeks such as refrigeration. Low 
temperature, long time (LTLT), high temperature, short time (HTST), ultrapasteurization, 
and ultra-high temperature (UHT) are types of processing possible under pasteurization 
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(29). Products can be introduced to heat in a batch or continuous flow design. 
Pasteurization of liquids is commonly performed in a continuous flow process using a 
plate heat exchanger. The time and temperature are controlled by a holding tube and 
flow diversion valve, respectively. Batch processes are conducted by holding the product 
in a vessel for a specified time and temperature. The heating media are customarily 
steam and/or hot water (38). 
Pasteurization regulations for food products 
Milk pasteurization requirements are governed by the FDA Pasteurized Milk Ordinance 
(PMO). They state that milk should receive a treatment of 72°C for 15 sec during an 
HTST process or 63°C for 30 min using a batch process or LTLT process (22). These 
regulations were developed using the requirements to inactivate the most heat 
resistant target microorganism, Coxiella burnetii, a rickettsia bacteria which causes Q 
fever in humans (16). For extended shelf-life refrigerated milk products, temperatures 
above 138°C for at least 2 sec are required for ultrapasteurization. Temperature of 135-
150°C for 4-15 sec create ultra-high temperature (UHT) milk product that can be held at 
room temperature. UHT and ultrapasturized products have an extended shelf life of 6-8 
weeks (29). 
Regulations for pasteurization of egg and egg products, which are governed by USDA 
Food Safety Inspection Service regulations and FDA criteria 21 CFR Parts 16 and 118, 
target the reduction of Salmonella. The process requires an 8.75-log reduction of 
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Salmonella for liquid eggs such as 56.7°C for 3.5 min, and 5-log reduction for whole eggs 
(20). 
The FDA regulates seafood through the Fish and Fisheries Products Hazards and Control 
Guidance and suggest a 90°C for 10 min to achieve a 6 log reduction of the target 
pathogen, Clostridium botulinum type E and non-proteolytic C. botulinum types B and F. 
However, for crab meat a process achieving a >12 log decrease in C. botulinum type E 
spores is needed requiring a process of 30 min at 85°C (21). 
Pasteurization treatments for ready-to-eat products are dependent on the 
characteristics of the food and the pathogen of concern. The European Chilled Food 
Federation suggests processes provide a 6 log reduction of the target pathogens Listeria 
monocytogenes and C. botulinum in ready-to-eat products. The addition of modified 
atmosphere or vacuum packaging may also be used for RTE products (14). 
Due to the fact that conventional pasteurization methods, especially those with 
extended times, can result in the degradation of the nutritional and sensory quality of a 
food, consumers are requesting less processed foods and the use of less harsh 
technologies such as microwave pasteurization (29). Microwave pasteurization occurs at 
faster rate resulting in a quicker process and, while still achieving death of 
microorganisms through heat, less degradation of nutrients and preservation of sensory 
characteristics. In this technique heat is conducted through a rapidly changing 
electromagnetic field (2). Applying microwave technology to achieve microbial safety 
occurs similarly to thermal pasteurization however unpredictable uneven heating 
14  
effects occur. This makes it difficult or impossible to predict the slowest heating zone in 
a package increasing the possibility of microbial survival in treated products (23).The 
efficacy of inactivation achieved using microwave heating has been evaluated with 
Bacillus cereus, Campylobacter jejuni, Clostridium perfringens, pathogenic Escherichia 
coli, Enterococcus spp., L. monocytogenes, S. aureus, and Salmonella (2, 23). These 
bacteria have all been found to survive various microwave treatments, possibly as a 
result of uneven heat distribution due to unsystematic cold spots. A microwave 
pasteurization batch process of milk at 71.1°C for 8, 3, and 10 min was found to cause 
complete inactivation (8 to 9 log) for Y. entercolitica, C. jejuni, and L. monocytogenes, 
respectively (23). 
Validation of Thermal Processes 
 According to the Food Safety Modernization Act, all food companies are required 
to conduct an analysis of possible hazards that could affect a product, apply the 
appropriate preventative measures of control, and monitor or validate those means of 
control (18). The validation of a measure entails the collection and evaluation of 
scientific and technical data as evidence to determine if a measure of control will 
effectively and consistently control a hazard. Scientific and technical data can be 
obtained through inoculated pack challenge studies conducted in facility pilot plants. 
The processes are determined by the pathogen of highest resistance with its 
corresponding non-pathogenic or surrogate bacteria. Locations within the process and 
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food matrix that are expected to have the lowest temperature or cold spot are the 
primary focus of study. 
Surrogate Microorganisms 
 Within microbiology, surrogates can be any non-pathogenic bacteria or other 
microorganism used to study the fate of a pathogenic microorganism in a specific 
environment. Surrogates in history were first used as an indicator of fecal contamination 
in water (37). Now, the overall goal of using a surrogate microorganism is to validate the 
effectiveness of sanitization, inactivation or inhibition processes as a means to ensure 
control of pathogenic microorganisms. When choosing a surrogate for a validation study 
the physiological and environmental resistance characteristics should mimic that of the 
target pathogen when exposed to similar conditions. Surrogates grow to high numbers, 
be simple to cultivate and be easy to detect and recover. Because they are expected to 
be used with industrial processing equipment, they should not affect the long term use 
of that equipment when used for a validation study (37). Using non-pathogenic bacteria 
is ideal because they are biologically safe and possess little risk to public health. As 
would be expected, introducing a pathogen into a food processing facility for a process 
validation study is high risk and the consequences of mismanagement could be 
detrimental (17). The FDA and USDA have deemed the use of surrogate bacteria 
permissible and the validation of a lethal process is to be part of a company’s HACCP 
plan. In a validation study, products are inoculated with a surrogate bacteria, the 
product is processed using the lethal process to be validated, and any surviving bacteria 
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enumerated. When used for thermal process validation, the thermal inactivation 
kinetics of a selected surrogate should be equal to or higher than that of the target 
pathogen (31). Thus eliminating the surrogate would indicate that all pathogens of equal 
or less resistance should also have been killed. Selecting an appropriate surrogate will 
vary with the food matrix and target pathogen for evaluation (17).  
Surrogates have been used in the validation of commercial sterilization and 
pasteurization processes. For the validation of sterilization, the sporeformers 
Clostridium sporogenes and Bacillus stearothermophilus have been used in the place 
Clostridium botulinum. For many food products the targets may be the pathogens 
Listeria monocytogenes or Shiga toxin-producing Escherichia coli. The surrogates for 
these microorganism have been the non-pathogenic Listeria innocua and non-
pathogenic biotype I Escherichia coli (19).  
Surrogates for Thermal Inactivation of Enteric Viruses 
HAV is a concern because it can be present on any food that involves human contact. 
The CDC reports that 45% of foodborne illnesses were caused by human enteric viruses 
in 1998-2008 (30). These viruses are only able to replicate in live hosts cell and have the 
ability to cause infections at low doses of 10-102. Currently, the primary method to 
control HAV is to prevent contamination instead of methods of control or reduction (15, 
27).  Berries, leafy vegetables, and ready-to-eat meats are examples of vehicles of HAV 
transmission. Recently, Bozkurt et. al found that HAV has D-values at 72°C of 0.88-0.91 
min in cell culture media and spinach with z-values of 12.51-13.92°C. The current 
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guidelines for eradicating the target pathogen of highest resistance have historically 
been L. monocytogenes. However, the heat resistance of L. monocytogenes is lower 
than HAV which calls for a re-examination of the requirements. Problems with using 
HAV as the target pathogen are the difficulty and complexity of handling and recovering 
the virus and the fact that it is pathogen. If HAV is accepted as the new target of 
concern, a new more heat resistant surrogate is needed. It is surprisingly difficult to 
identify non-pathogenic vegetative bacteria with heat resistances that approach that of 
HAV. Some potential candidates are Staphylococcus carnosus, lactic acid bacteria, 
including Lactobacillus bulgaricus, and specific strains of L. innocua. 
Staphylococcus carnosus 
Staphylococcus carnosus is a gram positive bacterium that can be isolated from 
processed meats, soy sauce, and fish-based sauces. It is used as a starter culture for 
fermented meats as it contributes to the flavor and color of the meats due to reduction 
of nitrate to nitrite and production of other compounds (4). The bacterium was studied 
as a potential surrogate for E. coli and Salmonella in frankfurter batter and ground beef 
of varying fat levels. However, it was reported to have significantly higher thermal 
resistance compared to the proposed target pathogens so was not recommended as a 
surrogate. The reported D55°C-values for S. carnosus were 152.63, 113.57, 102.94, and 
74.35 min at 55°C in ground beef at 7, 15, 27% fat and frankfurter batter, respectively 
(43). 
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Lactic acid bacteria 
Lactic acid bacteria are gram-positive, non-sporeforming, fermentative rods or cocci 
capable of producing lactic acid as a major end product of the fermentation of glucose. 
Lactic acid bacteria are either homofermentative (primary end product of lactic acid) or 
heterofermentative (end products of lactic acid, carbon dioxide, and ethanol). These 
bacteria are extensively used in the food industry as starter cultures for many 
fermented products and are a major part of the human diet. Products produced from 
lactic acid bacteria include cheese, yogurt, buttermilk, kefir, kumiss, sauerkraut, pickles, 
kimchi, olives, fermented meats, sourdough breads, soy sauce, and some alcoholic 
beverages (28). 
Lactobacillus bulgaricus is one of the most important lactic acid bacteria. It is used with 
Streptococcus thermophilus in starter cultures for yogurt and “high heat” cheeses such 
as provolone and Swiss. The bacteria is usually added to yogurt proceeding its treatment 
by a method of preservation such as spray drying or freeze drying (39). High and low 
temperatures during culture preservation and process fermentation can cause stress to 
cells of L. bulgaricus resulting in changes in the behavioral characteristics (25). The 
mechanisms of sub-lethal stress and methods to protect this bacterium are frequently 
studied because the dairy industry is interested in starter culture bacteria that can 
tolerate stressful environments. Thus, the effect of lethal processes on L. bulgaricus are 
much less studied.   
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Lactobacillus fructivorans is a heterofermentative lactic acid bacteria that is widely used 
in alcohol fermentation. It is important for its contribution to flavor during the ripening 
process of fermented foods. Some strains of L. fructivorans can causes spoilage and 
have been isolated from spoiled mayonnaise, salad dressing, ketchup, and vinegar. The 
species can be reported to have a high tolerance with a D-value at 65°C of 1.2 min in 
ketchup (7).  
Lactobacillus plantarum is considered a nonstarter lactic acid bacteria (NSLAB) that 
assists in ripening and enhanced flavor of cheeses, such as cheddar and Italian. It is also 
important in vegetable fermentations. The presence of this bacteria post-pasteurization 
suggests it is relatively thermotolerant. L. plantarum DCP 2103 in MRS broth and skim 
milk demonstrated D-values at 65°C of 0.52 and 0.32 min, respectively. L. plantarum 
DPC2739 had D-values at 60, 72, and 75°C in sterile milk of 32.9, 14.7, and 7.14 s, 
respectively (12). 
Listeria innocua 
Listeria innocua is a gram positive, rod shaped organism and typically found in soil and 
food sources. Due to the behavioral and resistance similarities to L. monocytogenes but 
lack of pathogenicity, L. innocua can be used as a surrogate for L. monocytogenes one of 
the most heat resistant vegetative pathogens. In liquid whole eggs, ultrapasteurization 
at 70°C for 1.5 min would result in 3.5, 5.0, and 6.5 log reductions in L. innocua STCC 
4030, L. monocytogenes 5672, and L. monocytogenes 4032, respectively (33). D-values 
at 70°C in hamburger patties for L. innocua M1 and L. monocytogenes F4243 were 0.34 
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and 0.16 min, respectively, making L. innocua M1 a suitable surrogate (24). Listeria 
innocua strains have been used extensively in research where a highly heat resistant 
vegetative bacterial surrogate was needed and it has actually been considered the “go-
to” surrogate. However, with new information on the heat resistance of hepatitis A 
virus, its use may not be the “best” fit. 
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CHAPTER III 
MATERIALS AND METHODS 
Thermal Inactivation of Surrogate Bacteria 
Cultures 
Bacterial cultures were obtained from ATCC (Manassas, VA) or Chr. Hansen (Milwaukee, 
WI). A total of seven non-pathogenic bacterial strains where evaluated as potential 
surrogates. Lactobacillus bulgaricus ATCC 11842, Lactobacillus fructivorans ATCC 8288, 
Lactobacillus plantarum ATCC 4008, Listeria innocua ATCC 33091, ATCC 51742, and 
11/97, and Staphylococcus carnosus CS-299. 
Growth Conditions and Preparation of Surrogate Bacteria 
Media used for growth included de Man, Rogosa, and Sharpe (MRS; Difco, Becton 
Dickinson, Franklin Lakes, NJ) broth for Lactobacillus species and Brain Heart Infusion 
(BHI; Difco, Becton Dickinson) broth for Listeria innocua strains and Staphylococcus 
carnosus. Stock cultures were created using the appropriate broth medium and 15% 
(vol/vol) glycerol and stored at -80°C. Fresh cultures for thermal inactivation tests were 
prepared by transferring 0.20 µl (microliters) of frozen stock to the appropriate broth 
medium and incubating for 24 h to stationary phase using optimum incubation 
temperatures. Lactobacillus bulgaricus was incubated under anaerobic conditions at 
37°C using gas campy container system packs (Becton Dickinson), other Lactobacillus 
and L. innocua under aerobic conditions at 37°C, and S. carnosus under aerobic 
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conditions at 30°C. All strains were sub-cultured overnight twice prior to thermal 
inactivation experiments. Prior to experimentation the cells were plated on MRS or BHI 
agar to determine the initial number. Next, cells were isolated from the broth medium 
by centrifuging 1.9 mL for 3 min at 5,000 x g and washed twice with sterile phosphate 
buffered saline (PBS; Difco, Becton Dickinson). Following the last centrifugation, pellets 
were resuspended to 108 colony forming units/milliliter (CFU/mL) in PBS. When testing 
Lactobacillus bulgaricus in milk, the pellets were resuspended in UHT milk. 
Phosphate Buffered Saline and UHT Milk 
Thermal inactivation of surrogate bacteria in PBS and 2% fat UHT milk (Hershey’s, 
Hershey, PA) was performed in sterile 2 mL glass screw-capped vials in a circulating 
water bath (Haake model V26, Karlsruhe, Germany). UHT milk was aliquoted into 50 mL 
batches in sterile plastic tubes and stored under refrigeration until use. Vials were filled 
with 2 mL of culture in either PBS or UHT milk from to achieve an initial count of 107 
CFU/mL. Heat treatments were performed at 65, 67, 70°C for varying times (0-60 min). 
The come-up time and internal temperature of the vials were measured using a Type T 
thermocouple (Omega Engineering, Inc., Stamford, CT) placed at the geometric center 
of the vial through the lid. Thermocouples were connected to MMS3000-T6V4 type 
portable data recorder (Commtest Inc., New Zealand) to monitor temperature. The 
temperature of the circulating water bath was monitored using thermocouples and a 
mercury-in-glass thermometer. The treatment time began when the target temperature 
was reached in the vials and the come up time was recorded. After treatments, vials 
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were cooled immediately in an ice bath to stop further heat transfer. The outside of the 
vial were sterilized with 70% ethanol prior to opening.   
Sub-lethal treatments in milk 
Cells in UHT milk were subjected to a sub-lethal heat treatment (45 or 50° fro 30 min) 
using the circulating water bath and 2mL glass vials containing 108 CFU/mL of milk. 
Temperatures were measured as described previously and upon completion of the 
designed heating process vials were removed and allowed to cool for 30 min at room 
temperature. This heat-treated culture was then inoculated into fresh UHT milk at 107 
CFU/mL which was added to 2 mL glass vials. Thermal inactivation was performed as 
described previously. 
Chopped Spinach 
Frozen chopped spinach (Kroger; Cincinnati, OH) was purchased from a local grocery 
store and allowed to thaw completely overnight under refrigeration before use. To 
create a homogenized sample, thawed chopped spinach was blended (Waring blender, 
Model 1063, Waring Commercial, USA) and sterilized at 121°C for 15 min, aliquoted in 
50 g (gram) batches in sterile plastic tubes and stored under refrigeration until use. For 
inoculation, a sample of spinach was placed in a sterilized beaker and inoculated 
gradually with a bacterial culture with constant stirring over a period of 20 min. The 
target initial count was 107 CFU/g. Ten gram samples of inoculated spinach were 
aseptically weighed into 13 cm x 19 cm polyethylene/nylon bags (Seco Industries, Los 
Angeles, CA). Two 10 g un-inoculated spinach samples were used as controls. One was 
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used as a negative microbiological control (i.e., plated to determine presence of 
contaminants) and the other was used for monitoring the internal temperature oat the 
geometric center of the spinach in the bags with a Type T thermocouple (Omega). All 
bags were vacuum-packaged and sealed with a Multivac A300/16 vacuum-packaging 
unit (Sepp Haggemuller KG, Wolfertschwenden, Germany).  Packages were manipulated 
to achieve approximately uniform thickness to ensure even heat distribution. 
Thermal inactivation of bacteria in spinach was performed in the circulating water bath 
described previously using a thermospacer (plastic holder for multiple bags) filled with 
the spinach samples. As before, temperatures were monitored using thermocouples and 
come-up time was measured.  After the appropriate treatment, samples were 
immediately placed in an ice bath. The outer surface of bags were rinsed with 70% 
ethanol and aseptically opened with sterile scissors. Bags were filled with 90 mL of PBS 
and stomached (Seward Stomacher 400 Circulator) at 260 rpm for 90 sec.  
Enumeration of Surviving Bacteria 
Untreated and treated samples were serially diluted in sterile 0.1% peptone or PBS, 
spread-plated on appropriate agar medium and incubated under optimal conditions for 
48 h. Incubation for L. bulgaricus was done anaerobically on MRS agar using gas campy 
container system packs (Becton Dickinson). S. carnosus and L. innocua were incubated 
aerobically on BHI at 30 and 37°C, respectively, and other Lactobacillus strains were 
incubated aerobically on MRS at 37°C. Following incubation, colonies were counted and 
survivor curves plotted as the log CFU/mL or g versus time to determine D-values.  
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Z-values were determined by plotting the log D-values versus temperature. 
Statistical Analysis 
The heat resistance data was statistically analyzed using an analysis of variance (ANOVA) 
with SAS software (version 9.4, SAS Institute, Cary, NC, USA) to determine if there were 
statistically significant differences in thermal resistance among the surrogates in 
different media. Mean comparisons were analyzed using a Tukey’s with 95% confidence 
intervals. All experiments were replicated thrice. 
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CHAPTER IV 
RESULTS AND CONCLUSIONS  
The thermal inactivation the selected strains of vegetative bacteria was first measured 
in PBS to determine if they were capable of survival at temperatures as high as 70°C so 
they might be used as surrogates for HAV (D72°C ~ 0.9 min). Lactobacillus bulgaricus, L. 
fructivorans, L. plantarum, were found to be inactivated during the come-up-time at 65, 
67, and 70°C, respectively. For the strains of Listeria innocua, either they did not survive 
come-up-time at 65°C or they had very low D-values of 1.-1.5 min at 58°C (data not 
shown). In contrast, S. carnosus was capable of surviving in PBS for 0.47 min at 70°C 
(Table 1). The D- and z-values for S. carnosus in PBS are shown in Table 1, the survivor 
curves are shown in Fig. 1, and the z-value curve is shown in Fig. 3. As PBS does not 
provide any protective elements for bacteria during exposure to heat the D-values 
would be expected to be lower than in foods. Thus, all except L. bulgaricus and S. 
carnosus were not studied further. 
L. bulgaricus and S. carnosus both survived 65-70°C in 2% fat UHT milk (Table 1). D-
values in milk for L. bulgaricus were 9.98, 2.68, and 0.45 min and for S. carnosus were 
3.36, 1.27, and 0.47 min at 65, 67, 70°C, respectively. The z-values of L. bulgaricus and S. 
carnosus were 3.73 and 4.98°C, respectively. Survivor curves in UHT milk for S. carnosus 
and L. bulgaricus and are shown in Fig. 1 and 2, respectively, and the z-value curves are 
shown in Fig. 3 and 4, respectively. 
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Table 1. Thermal resistance (D- and z-values) of Lactobacillus bulgaricus ATCC 11842 
and Staphylococcus carnosus CS-299 in phosphate buffered saline, UHT milk and 
chopped spinach. 
Microorganism 
Heating 
Medium 
Temp 
(°C) 
D-value (min) SD (±) z-value (°C) 
L. bulgaricus  
ATCC 11842 
PBS 65 ND1   
2% Fat UHT 
Milk 
65 9.98 A2  1.03 3.73 
67 2.68 A 0.16  
70 0.45 A 0.08  
Chopped 
Spinach 
63 43.29  3.03 4.21 
65 10.13 A 1.34  
67 3.20 A 0.20  
70 0.91 A 0.13  
S. carnosus CS-
299 PBS 
65 3.46 B 0.50 5.84 
67 1.27 A 0.26  
70 0.47 A 0.13  
2% Fat UHT 
Milk 
65 4.60 B 0.82 4.98 
67 1.94 A 0.26  
70 0.46 A 0.02  
Chopped 
Spinach 
65 4.61 B 0.41 6.24 
67 2.42 A 0.41  
70 0.73 A 0.02  
1Not detected after come-up-time. 
2D-value followed by the same letter within each temperature is not significantly 
different (P=0.05). 
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D-values in chopped spinach for L. bulgaricus ranged from 43.29, 10.13, 3.20, and 0.91 
min at 63, 65, 67, 70°C, respectively and the z-value was 4.21°C.  S. carnosus had D- 
values of 4.61, 2.42, 0.73 min at 65, 67, and 70°C with a z-value of 6.23°C. The survivor 
curves and z-value curves for S. carnosus and L. bulgaricus in chopped spinach are 
shown in Fig. 1-2 and Fig. 3-4, respectively. 
Using sub-lethal heating as a measure to the increase thermal resistance of L. bulgaricus 
was observed to not have an effect (Table 2). It has been documented that sub-lethal 
heating can cause increased thermotolerance. Teixeira et al. (39, 42) demonstrated that 
performing sub-lethal heat treatments on exponentially growing cells could result in 
increased thermal resistance compared to stationary cells. At the stationary phase of 
growth, a cell has already developed the protective measures it naturally possesses. 
Thus sub-lethal heating of stationary phase cells may not alter the protection 
mechanisms. In the present study, sub-lethal heating was carried out on bacteria 
already in the stationary phase, which could explain why the D-values for L. bulgaricus in 
milk at 70°C were similar with or without a sub-lethal treatment. 
 It is known that when bacteria are present in food, resistance is influenced by 
components of the food matrices. Intrinsic properties of foods such as water activity 
(aw), pH, and salt content of food have contribute the most to microorganisms ability to 
withstand a thermal process.  However, while the D-values for L. bulgaricus and  
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Table 2. Effect of sub-lethal heating on the D-value of Lactobacillus bulgaricus ATCC 11842 at 70°C. 
Heating medium Sub-lethal Heating (°C) D-value (min) 
2% Fat UHT Milk 
None 0.45 A1 
45 0.34 A 
50 0.48 A 
1 Same letter indicates no significant difference between D-values (P=0.05). 
 
S. carnosus in milk and spinach were different, the food medium did not have a 
significant effect on the heat resistance of these surrogates. When comparing the D-
values of the present study with D-values in the literature, the D64 for L. bulgaricus in 
skim milk was 10.87 min and the D55 of S. carnosus in frankfurter batter of 74.35 min 
were comparable (42, 43).  
The goal of this research was to find potential surrogates that had thermal resistance 
characteristics similar to that of HAV for the purpose validating inactivation during 
thermal processing. A suggested thermal process (19) for HAV would be a 6 log (6D) 
reduction in viable cells. HAV in spinach has a D72 of 0.91 min and would thus require a 
5.4 min process to inactivate 6 logs of the virus. In order to make this comparison the D-
values for L. bulgaricus and S. carnosus were calculated for 72°C using the z-values. The 
D72°C for L. bulgaricus and S. carnosus in spinach are 0.30 and 0.35 min (Table 3), 
respectively. 6D projections for L. bulgaricus and S. carnosus would be 1.8 min and 2.1 
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min, respectively. In order to validate a thermal process for HAV, the initial cell numbers 
for each bacteria would need to be 1018 and 1015 CFU, respectively. Achieving a cell 
concentration this high is not practical. However, for validating a 2D process for HAV 
(1.8 min) using L. bulgaricus (0.6 min) and S. carnosus (0.7 min) would require an initial 
cell concentration of 106-8 is achievable.  Thus, L. bulgaricus and S. carnosus could be 
used as surrogates during validation using a 2D reduction model for HAV.  
 
Table 3. Thermal inactivation projections of HAV and surrogates in spinach 
 
Microorganism   
D72 
(min) 
6D at 72°C 
(min) 
Log 
Reduction 
After 5.4 
min at 72°C 
2D at 72°C 
(min) 
Log 
Reduction 
After 1.8 
min at 72°C 
Hepatitis A (HAV) 0.91 5.4 6 1.8 2 
L. bulgaricus ATCC 
11842 
0.30 1.8 18 0.6 6 
S. carnosus CH-299 0.35 2.1 15.4 0.7 5.1 
 
 
 
 
 
 
31  
CHAPTER V  
CONCLUSIONS AND RECOMMENDATIONS 
Identifying the appropriate surrogate for HAV is important due to the continuing of 
outbreaks and recent findings suggesting that it should be the target pathogen of 
concern instead of L. monocytogenes. This research was conducted to identify a 
vegetative non-pathogenic bacteria that demonstrates similar heat resistance of HAV 
for the use of easily validating thermal processes designed to inactivate this virus. Of the 
bacteria tested, 
 L. bulgaricus and S. carnosus demonstrated the closest correlation to HAV but are not 
heat resistant enough to use in the 6D reduction model required for HAV. Also, using 
sub-lethal heat as means to increase thermal resistance was not successful. These 
bacteria are ideal surrogates when using a 2D reduction model. Hence, for the 
advancement of thermal processes more research must be applied to find a suitable 
vegetative surrogate for HAV. 
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Figure 1. Survivor Curves for Staphylococcus carnosus CS-299 in phosphate buffered saline, 2%UHT milk 
and chopped spinach at 65, 67, and 70°C. 
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MILK: y = -0.1009x + 7.8 
R² = 0 
SPINACH: y = -0.0998x + 6.8592 
R² = 0. 
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Figure 2. Survivor curves for Lactobacillus bulgaricus ATCC 11842 in 2%UHT Milk and chopped spinach 
at 65, 67, and 70°C. 
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Figure 3. Thermal Death Time curves for S. carnosus CS-299 in phosphate buffered 
saline, 2% UHT milk and chopped spinach. 
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Figure 4. Thermal Death Time Curve for L. bulgaricus ATCC 11842 in 2% UHT milk and 
chopped spinach. 
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Figure 5. Log D-values of Vegetative Bacterial Surrogates in comparison to HAV. 
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